Abstract: In this paper, we propose a multiuser precoded visible light communication (VLC) system utilizing optical orthogonal frequency division multiplexing (OFDM), where optical spatial modulation (OSM) and spatial pulse position modulation (SPPM) are invoked for supporting high-rate data transmissions without compromising uniform illumination across multiple light-emitting diodes (LEDs). Both OSM and SPPM exploit the index of data streams for carrying additional information bits, whereas the multiuser interference occurring between different user equipments is mitigated by the MIMO precoder. By evaluating the performances of the proposed VLC systems, we demonstrate that the OSM-aided system is capable of achieving high data rates at sufficiently high signal-tonoise ratios (SNRs). In contrast, the SPPM-aided system has a higher effective bandwidth efficiency at low SNRs, despite the fact that its attainable peak data rate is lower than that of the SM-aided counterpart. Such tradeoffs indicate the potential application scenarios of the proposed schemes for achieving diverse design prerequisites.
Introduction
With the rapid development and deployment of various wireless communication networks, the growing demand for data-driven wireless services imposes greater pressure on radio frequency (RF) spectrum resources. Therefore, there has been increasing interest on new wireless communication technologies, such as visible light communication (VLC), which are capable of exploiting higher frequency bands. The use of light-emitting diodes (LEDs) provides an energyefficient and environmentally friendly way for human illumination, hence attracting global research interest [1] , [2] . VLC systems modulate the information bits and transmit the signals through LED transmitters with the aid of a varied instantaneous intensity of the visible light, and at the receiver photodiodes (PDs) are used for signal detection. VLC makes full use of off-theshelf LED illumination devices, rendering it a very promising cost-effective component candidate technology for the fifth-generation (5G) communication networks, where spectral bands much higher and wider than currently used ones are likely to be exploited.
Multiple-input multiple-output (MIMO) [3] technologies offering high data rates and spectral efficiency (SE) have been widely used in the latest RF wireless systems, such as long-term evolution (LTE) and LTE-Advanced (LTE-A) networks. Furthermore, MIMO techniques can be efficiently combined with VLC systems, thanks to the widely used LED arrays consisting of multiple LEDs for indoor illumination [4] . The performances of various MIMO techniques for optical wireless systems in typical indoor environment are studied in [5] , where results show that channel correlation has a large impact on the VLC system's performance. In order to reduce the channel correlation and thus improving the achievable performance, measures such as increasing the distance between neighboring receivers, applying power imbalance to different LED transmitters, and/or blocking specific channel links, etc. may be adopted. Moreover, multiuser (MU) VLC systems [6] , especially MU-MIMO-VLC [7] , [8] , have recently raised increasing research interest. On the other hand, orthogonal frequency division multiplexing (OFDM) points out another way of potential performance enhancements for optical wireless communications [9] . As the optical OFDM (OOFDM) signals should satisfy the real and non-negative constraints, many research efforts have been invested in developing numerous variants of OOFDM [9] , [10] . In addition, the general principles of RF-based MIMO-OFDM [3] may be extended to the optical wireless domain for performance improvements [11] , [12] . Particularly, optical spatial modulation (OSM) [13] and spatial pulse position modulation (SPPM) [14] are among the recently developed MIMO techniques based on the spatial modulation (SM) concept, which utilizes the index of transmitters for delivery of additional information for single-user optical wireless systems.
Against this background, by extending the concepts of SM and SPPM to the MU scenario, where the multiuser interference (MUI) is mitigated by the MIMO precoder, we propose new MU-MIMO-OOFDM aided indoor VLC schemes employing OSM/SPPM, which are capable of achieving high data rates and improving the robustness of MU VLC systems without compromising uniform illumination.
The organization of this paper is as follows. The proposed MU OSM and SPPM modulators are introduced in Section 2.1, followed by the precoding algorithm employed by OOFDM in Section 2.2. The optical channel and receiver processing procedures are discussed in Section 2.3. Then, representative simulation results are offered and analyzed in Section 3, while Section 4 concludes our findings. Fig. 1 shows the schematic diagram of the proposed MU-MIMO-OOFDM-aided indoor VLC system. In this example indoor scenario, we assume that N t LED transmitters are installed on the ceiling and there are K user equipments (UEs) in the room. The jth UE is equipped with N r ;j PDs, hence the total number of PDs in the VLC system becomes N r ¼ P j¼K j¼1 N r ;j .
System Model

OSM and SPPM Modulators
SM introduced in [15] is a relatively new member of the MIMO family. It exploits the indices of antennas to carry information bits in addition to those mapped to conventional constellations, such as quadrature amplitude modulation (QAM) or phase shift keying (PSK). More specifically, in SM the information bit stream is divided into two parts, where the first part is used to choose an antenna index and the second part to choose a constellation symbol. The bits translated to the antenna index add an additional dimension for information delivery, thus increasing the overall SE. The application of SM to optical wireless communications (OWC) results in the OSM [13] scheme, which can be further extended to find new applications in the proposed MU-MIMO-OOFDM-VLC system, as shown in Fig. 2 .
In the SM modulator plotted in Fig. 2 , the input data stream containing ðn þ pÞ bits for the jth UE is divided into two blocks, where the first and second blocks have n ¼ log 2 ðMÞ and p ¼ log 2 ðN r ;j Þ bits, respectively, with M being the QAM/PSK constellation size. More explicitly, the first n bits are used to choose the corresponding symbol s from the constellation used, while the remaining p bits are used to choose one out of N r ;j data steams. Thus, for the jth UE, the total number of bits transmitted during each symbol duration is m ¼ log 2 ðMN r ;j Þ.
The SPPM modulator combines SM and pulse position modulation (PPM) [14] , as also illustrated in Fig. 2 . In this case, the first n bits are used to choose the corresponding L-PPM symbol, while the remaining p bits are used to determine the data stream index for a particular UE. The PPM-modulated bits of all UEs are then precoded on a per time slot basis, resulting in samples which will be allocated to the corresponding subcarriers for OOFDM modulation. For the jth UE, the total number of bits transmitted during each symbol duration is m ¼ log 2 ðLN r ;j Þ. Compared with the conventional QAM or PSK modulation schemes, L-PPM is more energy-efficient, though at the cost of increased system bandwidth, which reduces the achievable SE.
Multiuser Precoded OOFDM
We consider a downlink VLC system with simple block diagonalization precoder (BDP) [16] , [17] to reduce the implementational complexity at UE. The objective of the multiuser precoder (MUP) is to generate precoding matrices for assisting in the elimination of MUI. The solving process of BDP is briefed as follows. We first define a ððN r À N r ;j Þ Â N t Þ complementary channel matrix asH j ¼ ½H of (1) forms the orthogonal basis for the null space ofH j . Generally, when the channel matrix is row full rank and N t ¼ N r , we have N t ÀL j ¼ N r ;j . Then, define the equivalent channel matrix for UE j as " H j and apply SVD to it, yielding
where Ã j is a ðN r ;j Â N r ;j Þ diagonal matrix containing the singular values and the ðN r ;j Â N r ;j Þ unitary matrix U j can be used at the receiver side for decoding. When " H j is full rank, V ð1Þ j is the ðN r ;j Â N r ;j Þ right singular vector. Then, the precoding matrix P j can be computed by
j , which falls into the null space ofH j for facilitating MUI elimination. The BDP algorithm supports N r ;j data bit streams for each UE. The streams are first fed to the SM or SPPM modulator of Fig. 2 , where the ðN r ;j Â 1Þ symbol vectors u j for the jth UE are generated. Then the ðN t Â 1Þ precoded signals f at the LED array can be formulated by
Then the precoded signal vector f will be passed through the OFDM modulator seen in Fig. 1 .
As an example, in our system we adopt direct-current (DC) biased optical OFDM (DCO-OFDM) [10] , [19] , though other OOFDM variants are also applicable. OOFDM signals designed for systems invoking intensity modulation/direct detection (IM/DD) should be real and non-negative. In DCO-OFDM system, assuming that the number of subcarriers is N, the complex input data signal X ¼ ½X 0 ; X 1 ; X 2 ; . . . ; X NÀ1 is processed by inverse fast Fourier transform (IFFT), where X must be Hermitian symmetric to ensure that the output signal satisfies the real-signal constraint. Hence we have [19] . Next, to obtain the non-negative real OOFDM signal, a DC bias should be added to the post-IFFT real signal. The required DC bias value is relative to the electrical power of the associated time-domain signal x ðt Þ and is B DC ¼ ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi ðE fx 2 ðt ÞgÞ p , where is a proportionality parameter defined as a bias level of 10log 10 ð 2 þ 1Þ [dB] [10] . After the addition of DC bias, the signals which still remain negative will be clipped at zero. To be specific, f i on the ith LED will be allocated to the corresponding subcarrier in OFDM modulator, then the frequency domain precoded signal on the ith LED is converted to the time domain signal x 0;i ðt Þ. The DC-biased signal for the ith LED x i ðt Þði ¼ 1; . . . ; N t Þ can then be expressed as x i ðt Þ % x 0;i ðt Þ þ B DC;i , where x 0;i ðt Þ is the post-IFFT real signal which can be positive or negative, and B DC;i is the DC bias value for the ith LED. Note that the expectation of the post-IFFT signal satisfies E fx 0;i ðt Þg ¼ 0 [10] . Therefore, the emitted optical power of the ith LED can be specified by
The electrical power of the precoded signal f i on the ith LED is related to the precoding matrix P j associated with the jth UE. After IFFT operation, f i is converted to time domain signal x 0;i ðt Þ, which has the same average electrical power as f i . This implies that in the MUP system, the electrical power of x 0;i ðt Þ varies from one LED to another. Moreover, according to (4), at a given DC bias level of for example 7 dB or 13 dB, the optical powers of the LEDs P opt;i ð1 i N t Þ also vary due to different bias values required to minimize the impact from clipping, thus inevitably resulting in non-uniform illumination from the LEDs. To maintain a uniform illumination level across all LEDs in the room, while at the same time minimizing the clipping noise inflicted by DCO-OFDM, the maximal DC bias value should be applied to all LEDs as the target bias level, yielding B DC;max ¼ maxðB DC;1 ; . . . ; B DC;N t Þ. Then, the transmitted signals at the LED array xðt Þ¼ ðx 1 ðt Þ; . . . ; x N t ðt ÞÞ H will have the same emitted optical power P opt ¼ E fx 1 ðt Þg¼Á Á Á¼E fx N t ðt Þg% B DC;max .
In this case, the proposed MU-MIMO-OOFDM-VLC system can provide MUP signal transmissions without compromising uniform illumination.
Note that in this work, we assume that perfect channel state information (CSI) is available at the transmitter. Similar to conventional RF wireless systems, the CSI can be obtained either through feedbacks from the UE in frequency division duplexing (FDD) mode, or by channel estimation at the transmitter in time division duplexing (TDD) mode. Furthermore, since it may not be desirable for the UE to emit visible light, infrared communication techniques can be employed in the uplink [20] .
Optical Channel and Demodulator
The coefficient h qi is defined as the channel gain between the ith LED and the qth PD of a UE, which is given by [7] 
where the variables have the same meaning as defined in [7] . The received signal is
where R is the PD responsivity, and x i ðtÞ is the optical signal emitted from the ith LED, and n q ðt Þ is the zero-mean addition white Gaussian noise (AWGN) at the qth PD. The noise variance can be calculated by thermal are the variances of the shot noise and the thermal noise, respectively. This is the same model as in [7] . After OOFDM demodulation, with the aid of (2), (3), and (6), the equivalent received per-subcarrier signal is
where r j is the received SM/SPPM-modulated ðN r ;j Â 1Þ symbol vector of the jth UE, while MUI from all other UEs is mitigated thanks to the employment of BDP, and n is the ðN r ;j Â 1Þ noise vector. Then, the signal is multiplied by the decoding matrix U H j to decouple the jth UE's MIMO transmission into equivalent parallel single-input single-output (SISO) transmissions, resulting in a ðN r ;j Â 1Þ estimated stream signal vector ofũ
. . . ; K . A maximum likelihood detector (MLD) is then invoked to obtain the estimate of the transmitted symbol and stream index. As mentioned in Section 2.1, if a symbol of the jth UE is transmitted through the k th data stream which is selected by SM, the symbol will be detected at the k th PD associated with the jth UE. The MLD computes the Euclidean distances between the received symbol at the jth UE and all possible legitimate candidate ðN r ;j Â 1Þ symbol vectors u k ;s j ðs 2 fs 1 ; s 2 ; . . . ; s M g; k ¼ 1; 2; . . . ; N r ;j Þ, where u k ;s j denotes the candidate symbol vector for symbol s to be transmitted at the k th data stream, yielding
whereŝ andk denote the estimated symbol and the estimated stream (or PD) index, respectively.
Simulation Results and Discussions
As an example, we consider an MU-MIMO-OOFDM-VLC system model with N t ¼ 4 and K ¼ 2, which is similar to [7] . The positions of LEDs are consistent with those in [7] and the centre of the room is set to the origin of the floor-plan coordinate system, as shown in Fig. 3(a) .
Each of the two UEs is equipped with two PDs, namely, N r ;1 ¼ N r ;2 ¼ 2. The receiver pitch is limited to 0.1 m due to the size constraints of typical UE devices, which is also the assumption of [7] . Furthermore, we assume UE 1 is stationary and UE 2 moves along the diagonal of the room, as shown in Fig. 3(b) , where, as illustrated, the distance between the center of UE 2 and the top-left room corner is denoted by d tx . We summarize the major system parameters in Table 1 .
Assume that the system transmits m ¼ 2 bits per symbol for each UE. Bipolar on-off keying (OOK) and 2-PPM are adopted by the SM and the SPPM configurations, respectively. Furthermore, the performances of the systems using repetition coding (RC) and spatial multiplexing (SMP) [3] are also provided as references, where quadrature phase shift keying (QPSK) and bipolar OOK are respectively used in the RC-and SMP-aided systems to ensure the same condition of m ¼ 2. As an example, we set d tx ¼ 2 ffiffiffi 2 p m in Fig. 3(b) , though other locations with different d tx values are equally applicable. Fig. 4 shows the bit error rate (BER) performances of various MU-MIMO-OOFDM-VLC systems, where DC bias levels of 7 dB and 13 dB are considered. As observed in Fig. 4 , a smaller DC bias helps to achieve a better performance under the same illumination level. This is because given the same overall transmit power budget, the less the power allocated to biasing, the more power can be saved for data transmission, thus increasing the received signal-to-noise ratio (SNR). Moreover, SM is capable of outperforming its RC and SMP counterparts in the context of the MU-MIMO VLC system. For instance, Fig. 4(a) shows that assuming a 7 dB bias level, SM requires about 2-3.3 W in terms of single LED power less than RC and SMP to achieve the target BER of 10 À5 . In addition, SPPM further reduces the required single LED power for about 3 W for the same BER target, thanks to its superior resistance to noise. When the DC bias is increased to 13 dB, the power gains provided by SPPM and SM, as compared with benchmark schemes become even larger, as seen in Fig. 4(b) . The NESE for RC-, SMPand SM-aided system is defined by ¼ ð1 À P FER ÞM f =ðT Á BÞ ¼ ðð1 À P FER Þm e =ðT Á f s ÞÞ ½bit/s/Hz, where M f is the information bits per frame, T is time duration per frame, B is the system bandwidth, m e is the effective information bits per symbol, f s is the subcarrier frequency spacing, and P FER is the frame error rate (FER). Note that m e is only half of the achievable maximum SE of conventional OFDM, due to the conjugate redundancy inflicted by the Hermitian symmetric processing in DCO-OFDM [10] . On the other hand, we define the NESE for the L-SPPM-aided system as sppm ¼ ðð1 À P FER Þm e =ðL Á T Á f s ÞÞ ½bit/s/Hz, where the use of L time slots per symbol in SPPM system results in an L-fold increase in frame duration or system bandwidth. In our simulations, the frame size was set to one OFDM symbol duration with N ¼ 1024 subcarriers, while for simplicity, the term ðT Á f s Þ in and sppm is normalized to unity. It is worth mentioning that the NESE metric helps to reveal the practically achievable SE by removing the useless part of the overall data rate resulting from erroneous transmissions. As observed in Fig. 5(a) , the maximum NESE of the system using RC, SMP and SM is 1 bit/s/Hz for each UE. Compared with the RC-and SMP-aided system, the SM-aided system has a better NESE performance. On the other hand, the SPPM-aided system has a lower NESE upper bound, but it is the best option among the four schemes, when the single LED power is not higher than 9 W and 8 W for UE 1 and UE 2, respectively. A similar trend in terms of the relative performances between the different systems can be observed from Fig. 5(b) when UE 2 moves toward the room corner. Note, however, that in Fig. 5(a) , UE 1 performs worse than UE 2, while in Fig. 5(b) , the situation is reversed. This is due to the fact that the received signal power at UE 2 is reduced when it moves away from the LED transmitters located around the center of the room ceiling. Next, in Fig. 6 we provide the NESE performances as a function of d tx with respect to the location of UE 2 for given single LED powers of 8 W and 10.5 W, respectively. Due to the symmetric layout of the floor plan, the maximal value of d tx is about 3.5 m, which is the half of the diagonal of the room. As observed in Fig. 6 , the NESE performances of both UEs vary greatly across different values of d tx . As the movement of UE 2 will change the MUI distribution and thus affects both UEs' performances, the best overall system performance seems to be attainable at about d tx ¼ 2:6 m, when both UEs have a near-optimum NESE performance for most schemes. Moreover, increasing LED power from 8 W to 10.5 W significantly widens the best-performance ranges for both UEs. Particularly, SM/SPPM aided schemes are less vulnerable to low LED power, as compared with RC/SMP schemes which yield very poor NESE performances under low illumination levels.
Conclusion
In this paper, a MUP-aided MIMO-OFDM indoor VLC system invoking SM/SPPM is proposed. The new system is capable of achieving robust link and rate performances while, at the same time, maintaining uniform illumination. Simulation results show that the proposed system outperforms a few reference schemes. Furthermore, the SM-aided MUP-MIMO-OFDM-VLC system can provide the best performance under relatively high LED powers, while its SPPM-aided counterpart is the best option at relatively low illumination levels. Thus, both schemes have their own advantages and are applicable to specific scenarios.
